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Remote-doping scattering and the local field corrections in the 2D electron system in
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The small, about 30% magnetoresistance at the onset of full spin polarization in the 2D electron
system in a modulation-doped Si/SiGe quantum well gives evidence that it is the remote doping that
determines the transport scattering time. Measurements of the mobility in this strongly-interacting
electron system with remote-doping scattering allow us to arrive at a conclusion that the Hubbard
form underestimates the local field corrections by about a factor of 2.
PACS numbers: 73.43.-f, 72.20.-i, 72.20.Ee
Much interest has been attracted recently by the be-
havior of two-dimensional (2D) electron systems in a par-
allel magnetic field. The resistance of a 2D electron sys-
tem in Si MOSFETs was found to rise with parallel field
saturating to a constant value above a critical magnetic
field Bc [1] which corresponds to the onset of full spin po-
larization of the electron system [2]. The spin origin of
the effect is consistent with its insensitivity to the direc-
tion of the in-plane field [1]. At low electron densities, the
experimental resistance ratio is equal to R(Bc)/R(0) ≈ 4
as long as the system remains metallic [3], which is in
agreement with the calculation [4]. The effect was used to
study the spin susceptibility of the least-disordered elec-
tron system [5] as well as the local moments in the band-
tail in more-disordered Si MOSFETs [6, 7]. In contrast,
the 2D carrier system in GaAs/AlGaAs heterostructures
is relatively thick so that the orbital effects become im-
portant and give rise to an enhancement of the effec-
tive mass in parallel magnetic fields [8, 9]. As a result,
in GaAs there are two noteworthy distinctions [10]: (i)
above Bc, the resistance keeps on increasing less steeply
with no sign of saturation; and (ii) the magnetoresistance
is strongly anisotropic depending upon the relative ori-
entation of the in-plane magnetic field and the current.
The 2D carrier systems in Si MOSFETs and high-
mobility GaAs/AlGaAs heterostructures are similar in
that at low carrier densities, the transport scattering time
is determined by charged impurities near the 2D system.
In the former system charged impurities are located at
the Si/SiO2 interface resulting in dominant large-angle
scattering [11], whereas in the latter they are homoge-
neous background doping for both 2D electrons [12] and
2D holes [13]. The case of a 2D carrier system with a
finite spacer that is remarkable by remote-doping scat-
tering, i.e., dominant small-angle scattering, is opposite.
Although it may seem simple to realize such a 2D sys-
tem, that kind of scattering has not been unequivocally
established in any 2D system studied so far. Recently,
it has been predicted that for remote doping, the above
resistance ratio should be equal to R(Bc)/R(0) ≈ 1.2
[14].
In this paper, we report measurements of the resis-
tance of the 2D electron system in a modulation-doped
Si/SiGe quantum well in parallel magnetic fields. Being
very similar to (100)-Si MOSFETs, this electron system
is different by the presence of a spacer and the 1.5 times
larger dielectric constant so that the same strength of
electron-electron interactions in Si/SiGe can be expected
at 2.2 times lower electron densities. The fact that the
observed magnetoresistance is small shows that the trans-
port scattering time in our samples is determined by re-
mote doping. In this regime, the magnetoresistance is
sensitive to a small amount of the charged residual im-
purities at the Si/SiGe interface (< 1% of the electron
density), which varies in different runs depending on ex-
ternal perturbations such as cooling and illumination of
the sample. Using the dependence of the mobility on
electron density in this strongly-interacting system with
remote-doping scattering, we extract the form of the local
field corrections (LFC). From comparison of the exper-
imental data and the model calculations it follows that
account should be taken of both kinematic and dynamic
correlations.
Samples were grown by molecular beam epitaxy on
(001)-Si substrates. A 15 nm thick Si channel was de-
posited on a strain-relaxed buffer layer which consists of
a 600 nm Si0.7Ge0.3 buffer on the top of a 2.5 µm thick
Si1−xGex layer with compositional grading. The channel
was capped by 14 nm Si0.7Ge0.3 spacer, 12 nm P-doped
layer, and 27.5 nm cap layer, covered by 10 nm of Si.
The samples were arranged in a standard Hall bar geom-
etry. The channel of the transistor had a uniform width of
20 µm between the ohmic source and drain contacts. The
four voltage probes and the source/drain electrode were
formed by local implantation of phosphorous ions. Sub-
sequent activation and recrystallization was performed
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FIG. 1: Zero-field mobility as a function of electron density
at a temperature of 30 mK for two samples (open symbols)
along with the data of Ref. [15] (filled squares). Also shown
is the result of the calculation with (solid lines) and without
LFC (dashed line) neglecting the numerical factor.
at 560◦ C for 30 min in an N2 ambient. Afterwards the
contact pads were metallized with 25 nm Ti and 100 nm
Au. In order to reduce the contact resistance, the sample
was annealed at 400◦ C for 60 s in an N2 atmosphere. Fi-
nally, the Schottky gate electrode comprising 30/100 nm
Ni/Au was defined by a lift off process.
The sample was placed in the mixing chamber of a
dilution refrigerator with a base temperature of 30 mK.
To create the mobile carriers in the 2D system, the sam-
ple was illuminated with a light-emitting diode until the
resistance saturated. After the diode was switched off,
the sample state did not change in the run. The resis-
tance was measured using a standard four-terminal lock-
in technique at a frequency of 15 Hz in magnetic fields up
to 14 T. Excitation current through the device was kept
low enough (< 10 nA) to ensure that measurements were
taken in the linear regime of response. To change the
sample position in the mixing chamber we warmed the
sample up, rotated it at room temperature, and cooled
down again. The alignment uncertainty of the sample
plane with the magnetic field was kept within 0.3◦. The
electron density as a function of gate voltage was deter-
mined from Shubnikov-de Haas oscillations in perpendic-
ular magnetic fields. We have verified that the gate volt-
age dependence of the resistance in zero magnetic field is
well reproducible in different runs with the accuracy of
insignificant threshold shifts. In parallel magnetic fields,
this dependence was used for determining the threshold
voltage.
In Fig. 1, we show the dependence of the zero-field mo-
bility, µ, on electron density, ns, for two of our samples
along with the data of Ref. [15] obtained on a Si/SiGe
quantum well with higher mobility. We have verified that
in the studied range of electron densities, the mobility
is temperature-independent below 1 K. Despite the dif-
ference between the mobilities is quite appreciable, the
slopes of all dependences above 3 × 1011 cm−2 are coin-
cident and correspond to a power law: µ ∝ n2.4s , as was
observed previously [15, 16]. Below 3 × 1011 cm−2, the
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FIG. 2: (a) The normalized magnetoresistance measured
in different runs at ns = 2.98 × 10
11 cm−2 and at a tem-
perature of 30 mK for B ‖ I (solid and dotted lines) and
B ⊥ I (dashed line). The inset shows the magnetoresis-
tance on another sample in one run at ns = 2.34 × 10
11 and
2.54×1011 cm−2 for B ⊥ I . (b) The calculated magnetoresis-
tance at ns = 2×10
11 cm−2 for different parts of the charged
impurities at the interface.
stronger decrease of the mobility with lowering electron
density in our samples is likely to be a precursor of An-
derson localization as caused by multiple scattering [17].
In Fig. 2(a), we show the magnetoresistance of the sam-
ple in parallel fields. As the magnetic field is increased,
the resistance increases and tends to saturate at the on-
set of full spin polarization in this electron system. The
magnetoresistance is practically independent of the rela-
tive orientation of the field and the current, I. In other
words, no anisotropy of the resistance with respect to the
in-plane field is observed in our samples, which is similar
to the case of Si MOSFETs. However, as compared to Si
MOSFETs, the ratio R(Bc)/R(0) in the studied range of
electron densities is much smaller, about 1.3 [18]. This
indicates directly that the remote-doping scattering pre-
vails [14]. The form of the R(B) curve varies slightly in
different runs. Even in the same run, it changes slightly
with changing electron density (inset to Fig. 2).
We now discuss the regime of remote-doping scat-
tering. The screening properties of a 2D electron sys-
tem are determined by two parameters: the screening
wavevector, qs = 2gvme
2/ε~2, and the Fermi wavevector,
kF = (2pins/gv)
1/2 (where gv is the valley degeneracy, m
is the band mass, and ε is the dielectric constant). For
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FIG. 3: Dependence of the integrand in Eq. (1) on trans-
ferred wavevector for ns = 10
11 cm−2 (dashed line) and
ns = 10
12 cm−2 (solid line) assuming G(q) = 0.
our case the former equal to qs = 1.25×10
7 cm−1 exceeds
the latter which falls within the range 1.4× 106 cm−1 <
2kF < 2.5×10
6 cm−1 corresponding to the Wigner-Seitz
radius 4.5 > rs > 2.5. The third parameter that con-
trols the electron scattering in Si/SiGe is half the inverse
spacer width, 1/2d, which is equal to 1.4 × 106 cm−1
in our samples. As in the high-ns limit the transferred
wavevector 1/2d is small compared to 2kF , the electron
backscattering is small. In the opposite limit the trans-
ferred wavevector 1/2d is approximately equal to 2kF
and, therefore, the electron backscattering should occur.
Nevertheless, we argue that this is still dominant small-
angle scattering. Indeed, in the lowest order of multi-
ple scattering theory [19] the inverse transport scattering
time for the two-valley case can be written
1
τ
=
m
pi~3
∫ 2kF
0
q2dq
k2F
√
4k2F − q
2
V 2q
[1 + qsq (1−G(q))]
2
, (1)
where G(q) is the LFC and V 2q in the case of remote
doping is given by
V 2q =
(2pie2)2
ε2q2
∫ d1
d
Ni(z) exp(−2qz)dz. (2)
Here d1 − d is the width of the doped layer with doping
density Ni. The dependence of the integrand, w(q), in
Eq. (1) on transferred wavevector at high and low elec-
tron densities is displayed in Fig. 3 ignoring the LFC.
In both limits the main contribution to the scattering
probability originates from wavevectors well below 2kF ,
in contrast to Si MOSFETs where the close vicinity of
2kF contributes only.
It is remarkable that in the regime of remote-doping
scattering, the magnetoresistance at the onset of com-
plete spin polarization is small [14]. A qualitative account
of this effect is given below. Assuming that the spin flip
processes are absent, the calculated scattering rate 1/τ
for spin-up and spin-down electrons as a function of cor-
responding electron density is shown in Fig. 4. With
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FIG. 4: The calculated scattering rate for spin-up and spin-
down electrons vs corresponding electron density at ns = 2×
1011 cm−2 for different parts of the charged impurities at the
interface. All dependences are normalized by the scattering
rate for remote doping in zero magnetic field.
increasing nup (or ndown) the scattering angle decreases
and, therefore, the scattering rate decreases except at the
onset of complete spin polarization at which the increase
of the scattering rate is related to the change of screening,
similar to the effect discussed in Ref. [4]. The resulting
magnetoresistance is negative and only becomes positive
near Bc, the ratio R(Bc)/R(0) being equal to 1.25, see
Fig. 2(b). It is important that if there is a small amount
of charged impurities at the Si/SiGe interface, the neg-
ative magnetoresistance is suppressed accompanied by
somewhat larger R(Bc)/R(0). The calculated magne-
toresistance with 0.5% of the charged impurities (about
2×109 cm−2) located at the interface describes the exper-
iment reasonably well, see Fig. 2. So, density variations
of the charged residual impurities at the Si/SiGe inter-
face and, hence, of the local moments in the bandtail [6]
naturally explain the observed changes in R(B) including
those in different runs.
If the local field corrections are still disregarded, the so-
lution to Eq. (1) is µ ∝ n
3/2
s [17] as shown by the dashed
line in Fig. 1. This dependence is noticeably weaker than
the experimental one. The origin for the discrepancy is
strong correlations in this electron system. At low elec-
tron densities, worse screening is reflected by LFC so that
the integrand in Eq. (1) should be larger at wavevectors
4about 2kF . The Hubbard form of the LFC
G(q) =
1
2gv
q√
q2 + k2F
(3)
yields a power law µ ∝ n1.8s , the exponent being still
smaller compared to the experimental finding. This is
not very surprising because the Hubbard form includes
only kinematic correlations that are caused by Pauli prin-
ciple. Another contribution is given by dynamic correla-
tions that are related to direct Coulomb interelectron in-
teractions; these contribute to the LFC at large wavevec-
tors [20]. To simulate the effect of dynamic correlations,
we demand gv = 1 in Eq. (3). The so-obtained depen-
dence µ(ns) is indicated by the solid lines in Fig. 1 dis-
regarding the numerical factor. Agreement between the
calculation and the experiment shows that the LFC are
approximately twice as large as the Hubbard form.
Finally, we discuss the above assumption of the absence
of spin flip processes. Available experimental data for Si
MOSFETs allows one to conclude that such processes are
in fact present but are not dominant. Indeed, the Hall re-
sistance in a magnetic field with weak perpendicular and
strong parallel components was found to be significantly
lower than that expected for decoupled spin subbands
[21]. At the same time, ratios R(Bc)/R(0) ≈ 4 were ob-
served at low electron densities in the metallic regime [1];
these are close to the ratio R(Bc)/R(0) = 4 expected for
the case when no spin flip occurs, whereas twice as low
a ratio is expected if the spin flip time is the shortest
[4]. This gives evidence that the spin flip processes are
not of importance and, thus, the above considerations
are justified.
In summary, we have established that in the 2D
electron system in a modulation-doped Si/SiGe quan-
tum well, the regime of remote-doping scattering oc-
curs in which the parallel-field magnetoresistance is small
and sensitive to uncontrollable density variations of the
charged residual impurities at the Si/SiGe interface.
Based on analysis of the mobility as a function of elec-
tron density in this regime, we conclude that the local
field corrections are approximately double the Hubbard
form and, therefore, both kinematic and dynamic corre-
lations make significant contribution.
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